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Far‐field	 slit‐diffraction	 of	 circular	 optical‐vortex	 (OV)	
beams	 is	 efficient	 for	 measurement	 of	 the	 topological	
charge	 (TC)	magnitude	but	does	not	 reveal	 its	 sign.	We	
show	 that	 this	 is	 because	 in	 the	 common	 diffraction	
schemes	the	diffraction	plane	coincides	with	the	incident	
OV	waist	plane.	With	explicit	involvement	of	the	incident	
beam	spherical	wavefront	and	based	on	the	examples	of	
Laguerre‐Gaussian	 modes	 we	 show	 that	 the	 far‐field	
profile	 possesses	 an	 asymmetry	 depending	 on	 the	
wavefront	 curvature	 and	 the	 TC	 sign.	 These	 features	
enable	 simple	 and	 efficient	 ways	 for	 the	 simultaneous	
diagnostics	of	 the	TC	magnitude	and	sign,	which	can	be	
useful	in	many	OV	applications,	including	the	OV‐assisted	
metrology	and	information	processing.		
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Optical	 vortices	 (OV)	 are	 among	 the	 most	 interesting	 and	
attractive	 objects	 of	 structured	 light	 physics	 [1–3].	 In	 paraxial	
fields,	an	OV	appears	as	an	isolated	point	of	the	beam	cross	section	
with	zero	amplitude	and	indeterminate	phase	(phase	singularity);	
upon	a	round	trip	near	this	point,	the	field	phase	changes	by	2m	
where	 the	 integer	m	 is	 the	 topological	 charge	 (TC)	 of	 the	 OV.	
Accordingly,	the	beam	wavefront	near	an	OV	is	helical,	and	the	OV	
core	 (zero‐amplitude	 point)	 is	 a	 center	 for	 the	 local	 transverse	
energy	 circulation	 being	 the	 source	 of	 the	 orbital	 angular	
momentum	 (OAM)	 [1–4].	 Due	 to	 their	 unique	 topological	 and	
singular	properties,	beams	with	OVs	find	many	useful	applications	
associated	with	the	sensitive	optical	diagnostics	and	metrology	[5–
7],	micromanipulation	[8–10]	and	information	processing	[11,12].	
For	all	fields	of	the	OV	application,	rapid	and	reliable	recognition	
of	its	rotational	characteristics	(determined	by	the	magnitude	and	
the	sign	of	 its	TC)	 is	 imperative.	Usually,	 the	rich	and	non‐trivial	
rotational	structure	of	a	circular	OV	is	hidden	due	to	its	symmetry	
and	 can	 be	 revealed	 only	 in	 some	 indirect	 way.	 Standard	
approaches	 to	 the	OV	diagnostics	 are	 based	on	 the	 interference	
with	 non‐singular	 reference	 beams	 or	 beams	 with	 the	 known	
singular	 properties	 [1–3]	 but	 such	 schemes	 are	 generally	
complicated	 and	 cumbersome.	 In	many	 situations,	 referenceless	
methods	are	more	appropriate.	For	example,	when	a	circular	OV	
beam	 undergoes	 the	 astigmatic	 transformation,	 its	 transverse	
int di t stensity	 stribu ion	 acquires	 a	 characteri ic	 deformation	with	
distinct	“fingerprints”	of	the	initial	OV	structure	[13–15].		
To	the	best	of	our	knowledge,	 the	most	 flexible	and	universal	
approaches	exploit	specific	features	of	the	OV	diffraction	in	which	
the	 helical	 properties	 of	 an	 OV	 and	 its	 OAM‐related	 circulatory	
nature	 are	 explicitly	 manifested.	 The	 simplest	 edge	 diffraction	
schemes	 [16–18]	 provide	 spectacular	 demonstration	 of	 the	
transverse	 energy	 circulation	 but	 a	 reliable	 detection	 of	 the	 OV	
“strength”	 (TC	 magnitude	 |m|)	 requires	 additional	 time‐
consuming	 and	 precise	 procedures.	 More	 efficient	 methods	
enabling	the	“full”	(TC	magnitude	+	sign)	OV	diagnostics	are	based	
on	 the	 traditional	 approaches	 employing	 a	 single	 or	 double	 slit	
[19,20]	 and	 strip	 [21,22]	 Fresnel	 diffraction.	However,	 the	most	
suitable	and	universal	means	for	the	OV	detection	involve	the	far‐
field	 (Fraunhofer)	 diffraction	 [23–28].	 The	 far‐field	 scheme	 is,	
generally,	 less	 sensitive	 to	 inevitable	 misalignments,	 provides	
advantages	of	a	well	defined	and	stable	reference	frame	as	well	as	
a	considerable	freedom	in	the	choice	of	the	registration	plane,	and	
can	 be	 easily	 implemented	 even	 in	 the	 ultra	 small‐scale	
experimental	 environment.	 Actually,	 the	 far‐field	 diffraction	
ap s 	 i th t te qproache 	 are realized	 n	 e	 recen ly	 repor d	 techni ues	
adapted	to	the	nanoscale	OV	diagnostics	[29–32].		
Despite	 the	 diversity	 of	 specific	 practical	 schemes,	 the	
interpretation	of	the	OV‐diffraction	results	relies	on	some	common	
principles:	 as	 a	 rule,	 the	 immediately	 observable	 diffraction	
pattern	(DP)	contains	a	set	of	bright	(dark)	spots	whose	number	is	
associated	 with	 the	 TC	 magnitude,	 and	 the	 overall	 pattern	
asymmetry	indicates	its	sign	(for	example,	the	far‐field	diffraction	
by	a	triangular	aperture	[23–25]).	However,	for	the	most	suitable	
cases	 of	 slit	 or	 strip	 diffraction,	 the	 far‐field	 intensity	 pattern	
appears	to	be	symmetric	[24,27,28]	and	the	“full”	OV	diagnostics	
becomes	unavailable	or	requires	additional	observations.		
In	 this	 Letter,	 based	 on	 the	 typical	 example	 of	 the	 Laguerre‐
Gaussian	 (LG)	 beams	 [1–3],	 we	 analyze	 the	 reasons	 of	 this	
deficiency	 and	 propose	 the	 simple	 way	 for	 its	 elimination	 thus	
enabling	 the	 full	 OV	 diagnostics	 by	 the	 far‐field	 slit	 (strip)	
diffraction.	Additionally,	 the	proposed	procedure	may	contribute	
to	 the	 better	 visibility	 of	 informative	 details	 of	 the	 DP	 (e.g.,	 its	
peripheral	bright	lobes).	
We	 start	 with	 a	 brief	 theoretical	 examination.	 Let	 a	 paraxial	
monochromatic	light	beam	be	described	by	the	usual	model	with	
the	 electric	 field	 distribution	 expressed	 as	  , ,E x y z
   R , , expu x y z ikz i t    	where		is	the	light	frequency,	
k	=	c	is	the	wavenumber	(with	c	standing	for	the	speed	of	light),	
and	 
e
, ,u x y z 	is	the	slowly	varying	complex	amplitude	(CA)	[1,2].	
The	 beam	 propagates	 along	 axis	 z,	 and	 the	 transverse	 plane	 is	
parameterized	 by	 the	 (x,	y)	 Cartesian	 frame	 (see	 Fig.	 1a).	 The	
diffraction	 obstacle	 (slit)	 is	 situated	 in	 the	 plane	 z	=	0,	 and	 its	
special	 role	 is	 highlighted	 by	 the	 special	 transverse	 coordinates’	
notation	(xa,	ya);	the	slit	is	adjusted	symmetrically	with	respect	to	
the	beam	axis	z.	
Fig.	 1.	 	 (a)	 Geometrical	 conditions	 of	 the	 OV	 diffraction.	 (b)	 DPs	
observed	at	a	distance	z	=	1.5kb2	behind	the	slit	with		=0.5b	for	the	
incident	LG0,2	beams	(1). 
We	consider	the	incident	LG0m	beams	with	zero	radial	index	for	
which	 the	 incident	 CA	 distribution	 in	 the	 diffraction	 plane	 is	
described	by	
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(1) 
where		=	1	is	the	sign	of	the	OV	TC	(the	winding	handedness	of	
the	screw	wavefront).	This	expression	implies	that	the	diffraction	
plane	coincides	with	the	incident	beam	waist	plane	(which	is	usual	
in	 the	 OV‐diffraction	 studies	 [16,19–28]),	 and	 b	 is	 the	 Gaussian	
envelope	waist	radius.	Then,	if	the	slit	width	equals	to	2	(see	Fig.	
1a),	the	DP	in	the	observation	plane	is	calculated	via	the	Fresnel‐
Kirchhoff	integral	[33]	
 , ,
2
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or,	in	the	far‐field	conditions,	
(2) 
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which	follows	from	(2)	when	 z .	In	Eq.	(3),	the	dimensionless	
far‐field	 coordinates	 are	 introduced	 according	 to	 relations	
/ /xx z k k
 (3) 
  ,	 / /yy z k k   .	 In	 case	 of	 the	 strip	
dif 	 (2)	 and	 (3)	
thr
fraction,	 the	 results	 can	 be	 easily	 obtained	 from
ough	the	Babinet	principle	[33].	
In	Fig.	2,	we	present	the	far‐field	intensity	patterns	
    2, , ,I u z    , (4) 
calculated	via	Eq.	(3)	for	the	diffraction	scheme	depicted	in	Fig.	1a	
with		=	0.5b	and	the	incident	LG	beams	described	by	Eq.	(1).	In	full	
agreement	 with	 known	 results	 [27,28,32],	 the	 far‐field	 slit‐DP	
formed	by	the	incident	OV	beam	with	the	TC	m	contains	exactly	
|m|	+	1	bright	lobes,	but,	due	to	its	rectangular	symmetry,	is	quite	
identical	for	the	oppositely	charged	OV	beams.	This	symmetry	is	a	
direct	 consequence	 of	 Eqs.	 (1)	 and	 (3),	 (4)	 which	 dictate	 that	
     , , ,I I I         .	However,	it	does	not	hold	for	the	
Fresnel	 DPs	 determined	 by	 Eq.	 (2):	 in	 agreement	 with	 other	
similar	situations	[16–22],	examples	of	Fig.	1b	calculated	by	Eq.	(2)	
sh w	the	distinct	asymmetry	directly	related	to	the	internal	energy	
cir ulation	and	to	the	sign	of	the	incident	beam	TC.	
o
c
m = 2, R =   m = 3, R =   m = 4, R =  
Fig.	2.	(1st	row)	Far‐field	intensity	patterns	calculated	for	the	incident	
LG0m	 beams	 (1)	 of	 different	 TCs	 (indicated	 above	 each	 column),	
	=	0.5b	 (see	Fig.	1a);	 the	 far‐field	 coordinate	 frame,	 common	 for	all	
images,	 is	 indicated	 in	 the	 upper	 left	 image.	 (2nd	 row)	 The	
corresponding	 intensity	 plots	 (in	 units	 relative	 with	 respect	 to	 the	
maximum)	 along	 the	 ‐axis;	 values	 of	 	 are	 given	 in	 units	 of	 the	
divergence	angle	of	the	Gaussian	envelope	  1/ kb  .	
Another	drawback	inherent	in	the	multi‐lobe	DPs	of	Fig.	2	is	that	
only	 few	 central	 lobes	 are	 practically	 distinguishable.	 The	
intensities	of	the	peripheral	lobes	rapidly	decay	with	the	off‐axial	
distance:	 in	 case	 of	 |m|	=	3	 the	 side‐lobe	 intensities	 are	
approximately	 10%	 of	 the	 central	 maximum,	 for	 |m|	=	4	 the	
peripheral	peaks	P+2	and	P–2	hardly	reach	2%	of	the	central	peak	
P0,	 and	 for	 higher	 |m|	 the	 side‐lobe	 intensities	 progressively	
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de e re i 	creas .	Normally,	 in	p sence	of	no se,	this	essentially restricts	
the	maximum	detectable	TCs	via	the	slit‐DP.	
Now	 the	 problem	 is	 to	 unite	 the	 above‐mentioned	 practical	
advantages	of	the	far‐field	scheme	with	the	ability	of	immediately	
detecting	the	TC	sign	inherent	 in	the	Fresnel	diffraction	(see	Fig.	
1b).	It	can	be	solved	based	on	the	known	fact	[34]:	If	the	beam	with	
initial	 CA	 distribution	  ,a au x y 	 produces	 the	 diffracted	 field	
described	by	  ,u x y 	(cf.	Fig.	1a),	the	modified	initial	beam	with	
the	CA	distribution	
, z
2 2
( , ) ( , ) exp
2e a a a a
a ax y u x y u x y ik
R
   
will	produce	the	diffracted	field	described	by		
(5) 
 , ,eu x y z
 
2 21 exp , , .
2 1 1 11
R
  
Indeed,	 the	 transformation	 (5)	 is	 nothing	 but	 addition	 of	 a	
spherical	component	to	the	beam	wavefront	with	preserving	the	
same	 intensity	 profile,	 which	 can	 be	 readily	 performed,	 e.g.,	 by	
usual	 focusing	(defocusing)	schemes.	 In	 turn,	Eq.	 (6)	means	that	
the	far‐field	(z		)	intensity	distribution	created	by	diffraction	of	
the	modified	beam	(5)	is	proportional	to	  
x y x y zik uz z R z R z R z R
              (6) 
2
, ,u R R R  ,	that	is,	
reproduces	(in	a	changed	scale)	the	DP	which	could	be	observed	
with	 the	non‐modified	 initial	beam	  ,a au x y 	at	a	certain	 finite	
distance	 z R 	behind	the	screen.	In	application	to	the	OV	beams	
of	Eq.	(1)	this	means	that	the	DP	asymmetry	indicating	the	TC	sign	
can	be	observed	in	the	Fraunhofer	plane	once	the	diffraction	plane	
(cf.	Fig.	1a)	deviates	from	the	incident	beam	waist	plane.	
The	 “quality”	 of	 the	 resulting	 DP	 is	 determined	 by	 its	
convenience	 for	 the	TC	diagnostics,	which	 includes	not	 only	 the	
asymmetry	 but	 also	 sufficient	 visibility	 of	 the	 side	 lobes.	 For	 a	
given	 incident	 beam	 [cf.	 Eq.	 (1)]	 this	 quality	 depends	 on	 the	
introduced	 wavefront	 curvature	 characterized	 by	 the	 relative	
parameter	
 2sR R kb (7) 
and	 the	 on	 the	 relative	 slit	 width	 /b.	 Fig.	 3	 shows	 the	 best	
examples	 chosen	 from	 a	 series	 of	 far‐field	 DPs	 calculated	 for	
different	Rs	 and	/b.	 It	explicitly	demonstrates	 the	 |m|	+	1	bright	
lobes	 and,	 additionally,	 the	 asymmetry	 which	 indicates	 the	 OV	
rotational	properties	and	the	sign	of	its	TC:	when	Rs	>	0	(diverging	
incident	beam),	the	multi‐lobe	DP	“rotates”	in	agreement	with	the	
incident‐beam	energy	circulation,	when	Rs	>	0	(the	case	of	Fig.	3),	
the	rotation	is	opposite.	Additionally,	the	side	lobes	of	the	DPs	are	
much	more	intense	(in	comparison	to	the	central	ones)	than	those	
pr p a f
m
esented	in	the	2nd	row	of	Fig.	2,	which	is	 rofit ble	 or	practical	
easurements.	
In	 experiment,	 we	 used	 a	 laser	 beam	 with	 the	 wavelength	
	=	405	nm	(k	=	1.55105	cm–1)	focused	by	the	convex	lens	with	the	
focal	length	f1	=	50	cm	(see	Fig.	4).	At	the	lens	input,	an	LG	beam	
was	 formed	with	 the	Gaussian	 envelope	 radius	bi		340	m	and	
slightly	convex	wavefront	so	that	the	focused	LG	beam	converged	
to	the	waist	cross	section	at	a	distance	z		60	cm	behind	the	lens,	
with	 the	Gaussian	envelope	radius	b0	=	0.125	mm.	The	slit	width	
and	 position	 can	 be	 adjusted	 to	 different	 focused‐beam	 cross	
se tions	 with	 desirable	 local	 beam	 size	 b	 and	 the	 wavefront	
cu vature	radius	R.		
c
r
m = 2,  = 0.5b, 
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Fig.	3.	(1st	row)	Far‐field	slit‐diffraction	patterns	(see	Fig.	1a)	of	LG0m	
beams	(1)	modified	by	the	transformation	(5).	The	TCs,	slit	half‐widths	
and	the	wavefront	curvature	radii	(7),	accepted	upon	calculation,	are	
indicated	 above	 each	 column.	 (2nd	 row)	 Corresponding	 intensity	
dis ributions	along	the	‐axis,	the	scale	marks	are	in	units	of	.	t
Fig.	4.	The	experimental	setup	including	two	lenses	with	focal	distances	
f1	and	f2,	slit	and	the	CCD	camera.	The	registering	unit	(slit	+	lens	f2	+	
CCD)	can	be	adjusted	along	the	longitudinal	z‐direction.	
Typical	experimental	results	are	presented	in	Fig.	5.	In	this	case,	
the	 slit	 (half‐width	 	 =	 0.5b)	 was	 situated	 at	 points	 where	 the	
focused	beam	size	 equaled	 to	b	=	0.14	mm.	The	 first	 row	 shows	
patterns	 registered	when	 the	 slit	 is	 positioned	 before	 the	waist	
(z	=	50	cm):	 the	beam	converges	and	 the	wavefront	curvature	 is	
negative	 (R		63	cm,	 Rs		2);	 the	 second	 row	 corresponds	 to	
z	=	70	cm	where	R		65	cm,	Rs		2.	The	experimental	images	show	
a	good	qualitative	agreement	with	the	theoretical	ones	of	Fig.	3:	the	
number	of	bright	lobes	(always	|m|	+	1)	discloses	the	TC	modulus	
whereas	 the	overall	 asymmetry	 indicates	 the	 sign	of	m.	What	 is	
more,	 relative	 intensities	of	 the	bright	 lobes	 in	 the	experimental	
images	are	even	better	balanced	than	in	the	theoretical	ones,	most	
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probably,	due	to	the	non‐linear	response	of	the	CCD	device.	There	
are	additional	bright	fringes	on	both	sides	of	the	DPs;	however,	this	
“ripple	 structure”	 emerging	 due	 to	 stray	 diffraction	 is	 distinctly	
dif erent	 from	 the	 “main”	 lobes	 and	 practically	 does	 not	
de eriorate	the	diagnostic	possibilities.	
f
t
Fig.	5.	Experimentally	observed	 far‐field	 intensity	profiles	of	 the	slit‐
diffracted	 LG0m	 beams	 with	 (upper	 row)	 Rs		–2	 and	 (middle	 row)	
Rs		+2;	 (bottom	 row)	 intensity	 distributions	 along	 the	 horizontal	‐
axis	extracted	from	the	middle‐row	images.		
In	 case	 of	 strip	 diffraction,	 practically	 the	 same	 DP	 may	 be	
masked	by	the	strong	incident‐beam	radiation.	Nevertheless,	the	
strip	diffraction	can	be	equally	suitable	for	the	OV	diagnostics	if	the	
incident	beam	is	efficiently	screened	by	appropriate	spatial	filters	
or	stops.	An	analogue	of	such	a	scheme	was	recently	realized	in	the	
nanoscale	 [32].	 In	 the	 subwavelength	 situation,	 the	 vectorial	
nature	of	the	optical	field	is	essential,	and	the	full	scattering	theory	
[33]	should	be	applied	rather	than	the	scalar	diffraction	approach	
employing	Eqs.	(2),	(3).	However,	qualitatively,	the	results	of	[32]	
(the	 scattering	 asymmetry	 observed	when	 the	 incident	 beam	 is	
focused	 onto	 the	 nanowire)	 can	 be	 well	 explained	 by	 the	
diffraction	arguments.	The	diffraction	obstacle	 (nanowire)	 is	not	
small	compared	to	the	longitudinal	inhomogeneity	of	the	strongly	
focused	 incident	 beam,	 so	 the	 coincidence	 of	 the	 waist	 cross	
section	with	the	“diffraction	plane”	can	only	be	occasional	in	[32].	
An	 essential	 part	 of	 the	 incident	 light	 “meets”	 the	 obstacle	 in	
loc iations	 where	 the	 inc dent	 beam	 possesses	 a	 significant	
spherical	wavefront	component,	which	causes	the	DP	asymmetry.		
In	 conclusion,	 both	 the	 theoretical	 analysis	 and	 experimental	
verification	 have	 persuasively	 shown	 that	 the	 far‐field	 slit‐
diffraction	with	controllable	wavefront	curvature	can	be	efficient	
means	for	the	“full”	OV	diagnostics.	The	TC	magnitude	|m|	and	sign	
can	be	immediately	seen	from	the	number	of	bright	lobes	(|m|	+	1)	
and	the	asymmetry	of	the	intensity	distribution.	These	properties	
are	 common	with	 the	 known	Fresnel	 diffraction	 techniques	 but	
the	 far‐field	 approach	 provides	 practical	 advantages	 of	 a	 well	
defined	 and	 stable	 reference	 frame	 and	 is	 less	 sensitive	 to	 the	
system	 misalignments.	 As	 a	 side	 result,	 we	 have	 proposed	 a	
method	by	which	one	can	reproduce	the	Fresnel	DP,	characteristic	
for	arbitrary	distance	behind	the	diffraction	obstacle	(slit),	in	the	
Fraunhofer	(far‐field)	plane.	A	judicious	choice	of	the	slit	width	and	
the local	wavefront	curvature	may	be	used	for	optimization	of	the	
DP	bright
	
‐lobes’	positions	and	visibilities.	
Funding.		Ministry	of	Education	and	Science	of	Ukraine	(582/18,	
#0 18U0001 198).	
Disclosures.	The	authors	declare	no	conflicts	of	interest.	m = 4 m = 2  m = 3 
References 
R s
  
–2
 
1. M. S. Soskin and M. V. Vasnetsov, Prog. Opt. 42, 219 (2001). 
2. A. Ya. Bekshaev, M. S. Soskin, M. V. Vasnetsov, Paraxial Light Beams 
with Angular Momentum (New York, Nova Science Publishers, 2008). 
3. M.R. Dennis, K. O’Holleran, and M.J. Padgett, Prog. Opt. 53, 293 (2009). 
4. A. Bekshaev, K. Bliokh, and M. Soskin, J. Opt. 13, 053001 (2011).
5. W. Wang, T. Yokozeki, R. Ishijima, M. Takeda, and S.G. Hanson, Opt. 
Express 14, 10195 (2006). 
6. G. Anzolin, F. Tamburini, A. Bianchini, and C. Barbieri, Phys. Rev. A 79, 
033845 (2009). 
7. M. R. Dennis and J. B. Götte, Phys. Rev. Lett. 109, 183903 (2012). 
1.0  8. D. Cojoc, V. Garbin, E. Ferrari, L. Businaro, F. Romanato, E. Di Fabrizio, 
Microelectron. Eng. 78, 125 (2005). 
9. K. Dholakia, P. Reece, and M. Gu, Chem. Soc. Rev. 37, 42 (2008). 0.5
10. M. Padgett and R. Bowman, Nat. Photonics 5, 343 (2011). 
11. G. Gibson, J. Courtial, M. Padgett, M. Vasnetsov, V. Pas’ko, S. Barnett, 
and S. Franke‐Arnold, Opt. Express 12, 5448 (2004). 
0 
R s
  
2 
12. J. Wang, J.‐Y. Yang, I. M. Fazal, N. Ahmed, Y. Yan, H. Huang, Y. Ren, Y. 
Yue, S. Dolinar, M. Tur, and A. E. Willner, Nat. Photonics 6, 488 (2012). 
13. A. Ya. Bekshaev and A. I. Karamoch, Opt. Commun. 281, 5687 (2008). 
14. V. Denisenko, V. Shvedov, A. S. Desyatnikov, D. N. Neshev, W. 
Krolikowski, A. Volyar, M. Soskin, and Y. S. Kivshar, Opt. Express 17, 
23374 (2009).
15. P. Vaity, J. Banerji, and R. P. Singh, Phys. Lett. A 377, 1154 (2013).
16. J. Arlt, J. Mod. Opt. 50, 1573 (2003).
17. A. Bekshaev, A. Chernykh, A. Khoroshun, and L. Mikhaylovskaya, Opt. 
Commun. 397, 72 (2017).
18. A. Ya. Bekshaev and K. A. Mohammed, Opt. Commun. 341, 284 (2015). 
19. Devinder Pal Ghai, P. Senthilkumaran, and R.S. Sirohi, Opt. Laser Eng. 
47, 123 (2009). 
20. H. I. Sztul and R. R. Alfano, Opt. Lett. 31, 999 (2006). 
21. H. V. Bogatyryova, Ch. V. Felde, and P. V. Polyanskii, Opt. Appl. 33, 695 
(2003). 
22. Ch. V. Felde, Proc. SPIE 5477, 67 (2004). 
23. J. M. Hickmann, E. J. S. Fonseca, W. C. Soares, and S. Chavez‐Cerda, 
Phys. Rev. Lett. 105, 053904 (2010). 
24. L. Yongxin, T. Hua, P. Jixiong, and L. Baida, Opt. Laser Technol. 43, 1233 
(2011).
25. M. E. Anderson, H. Bigman, L. E. de Araujo, and J. L. Chaloupka, JOSA B 
29, 1968 (2012). 
26. C. S. Guo, L. L. Lu, and H. T. Wang, Opt. Lett. 34 3686 (2009).
27. Y. Liu and J. Pu, Opt. Commun. 284, 2424 (2011). 
28. Q. S. Ferreira, A. J. Jesus‐Silva, E. J. Fonseca, and J. M. Hickmann, Opt. 
Lett. 36, 3106 (2011). 
29. S. Mei, K. Huang, H. Liu, F. Qin, M. Q. Mehmood, Z. Xu, M. Hong, D. 
Zhang, J. Teng, A. Danner, and C.‐W. Qiu, Nanoscale 8, 2227 (2016). 
30. D. Wei, Y. Wang, D. Liu, Y. Zhu, W. Zhong, X. Fang, Y. Zhang, and M. 
Xiao, ACS Photonics 4, 996 (2017). 
31. R. M. Kerber, J. M. Fitzgerald, D. E. Reiter, S. S. Oh, and O. Hess, ACS 
Photonics 4, 891 (2017). 
32. D. K. Sharma, V. Kumar, A. B. Vasista, D. Paul, S. K. Chaubey, and G. V. 
Pavan Kumar, ACS Photonics 6, 148 (2019). 
33. M. Born, E. Wolf, Principles of Optics, (Pergamon Press, 1970).
34. A. Bekshaev, A. Chernykh, A. Khoroshun, and L. Mikhaylovskaya, J. Opt. 
19, 055605 (2017). 
